except in the heart and lungs. The left lower lobe of the lungs was atelectatic. Surgical repair was complete except for one point between stitches, through which a fine probe could be passed. Histologic examination of the pulmonary tissue removed at neeropsy confirmed the presence of severe pulmonary vascular disease including grade-6 lesions. 10 During and after operation, management of the patients was accomplished by technics routinely employed in this elinie.1"-'3 The perfusate was whole blood and the flow rate was 2 2 to 2.4 L./min./M.2. After perfusion, blood was transfused from the pump-oxygenator via the cannula in the external iliac artery until atrial and arterial pressures were satisfactory. After operation, citrated blood was administered in amounts appropriate to blood loss and the patient's clinical condition. Digoxin (Lanoxin), 0.9 mg./M.2 of body surface, was given to one patient (case 8) on the evening of day 1 and thereafter in amounts sufficient for maintenance of effect. No vasopressor drugs or sodium bicarbonate was given. Tracheostomy and assisted ventilation were not employed.
Pressures in the pulmonary and radial arteries, left and right atrium, oxygen and earbon dioxide content of arterial and mixed venous blood, arterial pH, and hematocrit values were measured as described previously. '4 The reference point for all pressure measurements was the midehest position at the level of the third interspace anteriorly.
Mean atrial pressure was estimated visually from the photographic record, using a period of two respiratory cycles, and was within 2 mm. of mercuryv of atrial pressure at the Z-point 15 All atrial pressures are considered apparent pressures as distinguished from effective, that is, transmural,2 pressures except for the period in the operating room when the chest and pericardium were open. Cardiac output was determined by the indicator (indoeyanine green') dilution technic, with injection into the pulmonary artery and sampling from the right radial artery. Cardiac index, stroke index, heart rate, pulmonary vascular resistance, arterial and mixed venous oxygen saturations, buffer base, and arterial carbon dioxide tension were determined as described previously. ' *In case 1, 300 mnl. of citrated blood were given intravenously between C1 and C1. In cases 4, 5, and 7, heparinlized blood was given intra-arterially immediately after perfusion as follows: Case 4: 1400 ml. between T1 and T2; case 5: 500 ml. between T1 and T2; 500 ml. between T2 and T3; case 7: 600 ml. between T1 and T2; 600 ml. between T2 and T3 tIntermittent positive-pressure breathing had ceased and spontaneous respiration had been resumed for 3 minutes at Si and 5 minutes at S2. Right ventricular pressure. §Mean pulmonary artery pressure.
Circulation, Volume XXVI, December 1962 Hg. Transfusion (cases 1, 4, 5, and 7) was associated with a rise in cardiac and stroke index, no change or reduction in heart rate, and except in case 1 an increase in left atrial pressure greater than the increase in right atrial pressure ( fig. 1 ). Cessation of inter-Circulation, Volume XXVI, December 1962 niittent positive-pressure breathing and resumption of spontaneous respiration (case 5) were associated with progressive increase in cardiac output and fall in atrial pressures.
Hemodynamics: After Operation ( Table 3) A pattern of changes in cardiac output (fall between day 1 and day 2, and rise between day 2 and day 3) was present in six of the seven individual cases and in average values ( fig. 2 ). Cardiac output did not appear to be directly related to heart rate ( fig. 3 ), and changed significantly without change in heart rate in cases 4, 5, and 7. Particularly low values for cardiac output were observed on a few occasions. In case 5 (day 1) the Average left atrial pressure was 4 nmm. Hg 2 to 4 hours after operation, 7 mm. Hg on day 2, and 8 mm. Hg on day 3. Average right atrial pressure was slightly lower at each period. Among individuals, the relation of left and right atrial pressures was variable, but certain observations are of interest. Left atrial pressure was strikingly higher than 1 6 12 ".8 right atrial pressure in one patient with total anomalous pulmonary venous connection (case 6) but not in the other patient with this condition (case 8; pulmonary arterial pressure 120/74 to 150/95 mm. Hg). At several observations in cases 1, 4, 5, 7, and 8 atrial pressures were identical or within 1 mm. Hg of each other. Transfusion was not associated with progressive increase in atrial pressure (case 5) on day 1; on day 2, atrial pressures rose but differed from each other by only 1 mm. Hg at the conclusion of transfusion. At this time, the patient complained of vague thoracic discomfort. In some cases, the Y descent of the atrial pressure contour was steep and ended at a pressure lower thani that observed during any other part of the cardiac cycle ( fig. 4 ). curve less than 10 per cent.
One patient
Abbreviations: PaCo,, pressure of carbon dioxide in arterial blood; BB+, buffer base; SaO2 and SvO2, oxygen saturation of arterial (a) and mixed venous (v) blood; CaO2-CvO2 difference in oxygen content of arterial and mixed venous blood. the operating room after repair. Heart rate was slow, and stroke index was rather high relative to observations in other patients. Cardiac index was in the range observed in other cases. After operation, this patient had the lowest average atrial pressures for the 3day period of any except case 5. Cardiac index was in the range observed in most of the cases, and on days 1 and 3 was higher than that in case 5. Blood Oxygen and Hemoglobin Levels (Table 4) The difference in arteriovenous oxygen content varied inversely with the cardiac index. Values in excess of 5 vol. per 100 ml. were always present when cardiac index was less than 3 L./min./M. Heart rat e (beat s/rnin.)
Figure 3
Heart rate and cardiac output following closure of atrial septal defect and similar lesions. All postoperative observations in all patients are included. Cardiac output does not appear to be directly related to heart rate in these patients.
was not less than 93 per cent. Values varied between 90 and 97 per cent after oxygen therapy was no longer deemed necessary. Hemoglobin concentration fell progressively during the first 3 postoperative days in all eases except case 8. Oxygen saturation of mixed venous blood was highest on day 1, fell significantly by day 2, and in general stayed the same or rose slightly by day 3. Reductions in venous oxygen saturation reflected, in part, reductions in the oxygen-carrying capacity of the blood.
Acid-Base Profile (Table 4) Arterial pH was low 2 to 4 hours after operation in all cases except case 7. Reduction in buffer base was present in all patients and was primarily responsible for the acidemia. On day 2, pH was normal except in cases 1 and 6. On day 3, pH, carbon dioxide pressure (pC02), and buffer base were within normal limits in all cases. It is noteworthy that in case 8, arterial pH, pCO2, and buffer base were normal on days 2 and 3 in the presence of a low cardiac output. The final observation was made 4 hours before death.
Effect of Oxygen-Enriched Atmosphere (Table 5) During the first 3 postoperative days, observations were made on four patients while they were in oxygen tents and also after breathing room air for 3 to 20 minutes. With the switch to air, the oxygen saturation of both arterial and mixed venous blood decreased and was below normal; pulmonary arterial pressure increased and pulmonary vascular resistance increased or remained the same. No consistent change in arterial pCO2 or cardiac output was observed.
Discussion
Cardiac output in the operating room after repair was similar to that observed in other patients during halothane anesthesia and intermittent positive-pressure breathing.14 Transfusion of blood resulted in increased cardiac output and stroke volume and, except in case 1, in elevation of both right and left atrial pressures. Left atrial pressure rose more rapidly than right, as has been observed in dogs under similar conditions."', 17 Since these observations were made with the thorax and pericardium open, increased atrial pressure necessarily reflects an increase in ventricular filling pressure. Accordingly, increased diastolic filling of the ventricle is probably the mechanisni producing the increase in stroke volume. The short period over which the observations were made minimizes the possibility of change in ventricular distensibility or contractility or both, relative to filling pressure. The significant increase in atrial pressures induced by transfusion in eases 4, 5, and 7, in contrast to case be related to the more rapid rate of infusion of blood in the former cases, although a relation to the possible effect of whole-body perfusion on venous tone and ventricular funetion relative to filling pressure in cases 4, 5, and 7 cannot be excluded. The normal relation usually existing between left and right atrial pressures after repair of the ostium secundum type of atrial septal defect, also reported previously,'8 is evidence against the common occurrence of significant decrease in the left, relative to the right, ventricular function. Cardiac output in general was high 2 to 4 hours after operation, decreased by day 2, and then increased by day 3. Variations in cardiac output were primarily the result of variations in stroke volume, not heart rate. Atrial pressure changes tended to be opposite in direction to the changes in cardiac output. This phenomenon is explainable by altered ventricular distensibility or contractility or Circulation, Volume XXVI, December 196f2 both, or by changes in the relation of apparent to effective (or transmural) atrial pressures. In this regard general constriction by the pericardium or local constriction by a blood clot tightly adherent to the ventricle should be considered.
Postoperative hemodynamic events in cases 5, 6, and 8 are believed to be related to special situations. In case 5, the low atrial pressures, stroke and cardiac indexes are believed to be caused by hypovolemia (confirmed by unpublished studies of red cell and plasma volume). The response to transfusion of blood was immediate and appropriate. The large difference between left and right atrial pressures in case 6 (total anomalous pulmonary venous connection) is believed to be related to the relatively reduced size and distensibility of the left ventricle and atrium. This may be characteristic of this form of congenital heart disease. In case 8, severe pulmonary artery hypertension persisted after operation. Accordingly, a given stroke volume required an inordinate amount of work by the right ventricle. Previously, in this discussion, it has been pointed out that alterations in cardiac function were observed to some degree in all these patients following perfusion and operation. This combination of circumstances -inordinate work requirements of the right ventricle and altered function in the postoperative period-is believed responsible for the low stroke and cardiac indexes observed postoperatively in this patient.
Ventilation in the postoperative period was adequate with regard to elimination of carbon dioxide. Arterial oxygen saturation was never less than 93 per cent when patients breathed oxygen-enriched mixtures (oxygen tent). During the first week after operation, arterial oxygen saturations below normal were observed while patients breathed room air. This is believed to be based on a spread in ventilation-perfusion ratios, impaired diffusion across the alveolar-capillary membrane or on both. Arterial desaturation of this degree has been observed after abdominal and extracardiac thoracic surgery.19
The decrease in pulmonary arterial pressure and pulmonary vascular resistance with inspiration of oxygen-enriched mixtures is similar to that observed in patients who had not undergone operation.20 Patterns of acidbase balance are like those reported previously,2' except for a possibly more rapid return of arterial pH to normal in the present series.
Summary
Physiologic observations were made on eight patients following repair of atrial sep-t4il defect or total anomalous pulmonary venous connection. A pattern of changes in cardiac output and atrial pressures during the first 3 postoperative days was noted. Cardiac output was abnormally low in some patients with obstructive pulmonary vascular disease or low atrial pressures. Transfusion of whole blood was effective in elevating cardiac output in the operating room and after operation. Left atrial pressure was higher than right atrial pressure in the operating room.
Postoperatively left and right atrial pressures tended to becoine equal in some patients, and the levels were slightly elevated. Heart rate did not seem to be directly related to cardiac output. Ventilation was adequate with regard to elimination of carbon dioxide. Arterial oxygen saturation was maintained at 93 per cent or more by the use of oxygen-enriched mixtures. The difference in arteriovenous oxygen content was inversely related to cardiac output. Acidemia was present 2 to 4 hours after operation, but in general the pH of arterial blood had returned to normal by day 2. Some niechanisms possibly related to the observations are discussed.
The Etymology of Galvani
Etymologically and genealogically the name Galvani is of French Keltic or Gaelic origin. In the form of Galvain or Gauvain it was widely diffused during the early medieval centuries through Brittany and Normandy. Thence by Keltic migration it made its way to Greater Britain; to Lesser Britain in the form of the Irish Galvin and Gavin; and then to Scotland in the form of Gawain. The most famous bearer of the name in this Scottish form was of course Gawain, the son of King Lot of Lothian and Orkney, one of the most celebrated heroes of King Arthur's Round Table. Finally at the Norman conquest of Sicily in the eleventh century, the name and heritage were transferred to Italian soil and there became established as Galvani. It is interesting that there is this hereditary and linguistic link between Arthurian romance and this pioneer of electricity. 
